High levels of mos protooncogene product are expressed during oocyte meiotic maturation and Mos has been implicated in formation of the spindle and spindle pole. Here, we show that in Swiss 3T3 cells with 4N DNA content, high levels of Mos lead to the production of binucleated cells. The Swiss 3T3 cells in mitosis, before binucleation occurs, are anastral and the spindle poles are juxtaposed to the cell membrane. These phenotypes may be related to the meiotic process of attachment of the spindle pole to the oocyte membrane during polar body formation. The production of binucleated somatic cells could result from attachment of the altered mitotic spindle pole to the cell membrane that interferes with cytokinesis but not karyokinesis. This can explain at least one form of genetic instability that leads to altered DNA content in tumor cells.
process of attachment of the spindle pole to the oocyte membrane during polar body formation. The production of binucleated somatic cells could result from attachment of the altered mitotic spindle pole to the cell membrane that interferes with cytokinesis but not karyokinesis. This can explain at least one form of genetic instability that leads to altered DNA content in tumor cells.
In Xenopus, stimulation by progesterone releases stage VI oocytes from G2/M arrest and reinitiates meiotic maturation. Mos expression begins shortly after hormonal stimulation and is required throughout meiosis for the activation, cycling, and maintenance of maturation-promoting factor (1) (2) (3) (4) (5) (6) (7) . Mos has been shown to be an active component of cytostatic factor (CSF) (8) . CSF is believed to arrest oocytes at metaphase II of meiosis by contributing to the stabilization of the meiotic spindle (9) and the germ-line loss of Mos appears to specifically affect female fertility through the failure of maturing oocytes to arrest at metaphase 11 (10, 11) . Mos has also been implicated in the reorganization of microtubules that leads to formation of the spindle and the spindle pole (12, 13) and recently has been shown to associate with kinetochores when microinjected into PtK1 epithelial cells (14) . In addition to maturation-promoting factor, Mos activates the mitogenactivated protein kinase (MAPK) cascade (15, 16) through the specific activation of MAPK kinase (15, 17) . MAPK has also been implicated in meiotic microtubule reorganization (18) and, in mouse oocytes, is localized in microtubule organizing centers (19, 20) . Consistent with the parallels between Mos and MAPK activities and functions, MAPK has been shown to induce CSF activity (21) (22) (23) . Therefore, we have proposed that the inappropriate expression of Mos and the resulting constitutive activation of MAPK in somatic cells could contribute to the transformed phenotype by mediating meiosis-like modifications at all stages of the cell cycle (13, 17, 24 Indirect Immunofluorescence. Cells grown on coverslips were washed twice with PBS and fixed with 3.7% formaldehyde for 20 min at room temperature. After fixation, the cells were washed with PBS and permeabilized with 1% Nonidet P-40 in PBS for 5 min at room temperature. Coverslips were incubated with blocking solution (10% normal goat serum in PBS) for 1 hr and then probed with a mixture of anti-,B-tubulin monoclonal antibodies DM1B (ICN) and Tub2.1 (Sigma). For CLSM analysis, anti-a-tubulin monoclonal antibody (DM1A) (Sigma) was used. The antigen-antibody complexes were detected with fluorescein isothiocyanate-conjugated goat antimouse IgG antibody by incubation for 1 hr at room temperature. Coverslips were washed three times with PBS after each incubation. Coverslips were embedded in aqueous nonfluorescing mounting medium, and cells were examined by both Abbreviations: MAPK, mitogen-activated protein kinase; CSF, cytostatic factor; MoMuSV, Moloney murine sarcoma virus; MoMuLV, Moloney murine leukemia virus; FACS, fluorescence-activated cell sorter; CLSM, confocal laser-scanning microscopy; p.i., postinfection; DAPI, 4',6-diamidino-2-phenylindole. *To whom reprint requests should be addressed.
conventional fluorescence and confocal laser-scanning microscopy (CLSM). RESULTS v-Mos Overexpression in Swiss 3T3 Cells Blocks Cytokinesis. We examined the effect of high levels of Mos expression on mitotic progression and microtubular organization. As reported previously, the majority of Swiss 3T3 cells infected with high-titer Mo-MuSV round up and detach from the monolayer as "floating cells" 60-70 hr postinfection (p.i.) (13) . Mos represents -0.1% of the total protein in these floating cells, a much higher level than in the cells that remain attached at 60 hr p.i. or in lines ofv-mos-transformed cells (13) . The cells that remain attached grow as foci of morphologically transformed cells, while uninfected or mock-infected control cells do not (13, 27) .
Approximately 70% of the floating cells exclude trypan blue but are growth arrested. We have previously shown that the remainder of the floating cells are not viable and are apoptotic (13) . Examination of the viable floating cells stained with Giemsa revealed a striking effect of Mos overexpression (Fig.  1A) . Compared to the control mock-or Mo-MuLV-infected cells (Fig. 1A a and b) , "30% of the viable floating cells were A binucleated (Fig. lAc) . When the viable floating cells were sorted by FACS, two-thirds of the growth-arrested cells were 2N in DNA content, while one-third were 4N in DNA content [ Fig. 1B a and d (13) ]. In both cell populations, the chromosomes were partially condensed (ref. 13 ; data not shown). Over 90% of the 4N-arrested cells were binucleated (Fig. 1B d-f) , while the 2N-arrested cell population consisted exclusively of mononucleated cells (Fig. 1B a-c) . For one-third of the floating cells to be binucleated, cells with a 4N DNA content must undergo karyokinesis but not cytokinesis.
The Formation of Meiotic-like Spindle Apparatus in Swiss 3T3 Cells. Cytokinesis depends on the proper positioning and orientation of the spindle apparatus, in which the astral microtubules and actin have been shown to play important roles (29) . To identify possible precursors of the binucleated cells, and to detect possible alterations in the spindle, we immunostained Mo-MuSV-infected cells with anti-,3-tubulin antibodies and 4',6-diamidino-2-phenylindole (DAPI) at 40 hr p.i., before the majority of floating cells appear (Fig. 2) . The asters in the Mo-MuSV-infected cells were frequently undetectable (Fig. 2 d-f) or did not radiate from centrosomes as observed in prophase through metaphase control cells (Fig. 2  a and b) . Asters are not detected at the onset of anaphase in control cells (Fig. 2c) (30-32) . We observed another striking difference between control and Mo-MuSV-infected cells in positioning of the mitotic apparatus. In infected cells, the spindle apparatus was asymmetrically positioned with one spindle pole juxtaposed to the cell membrane (Fig. 2 e and f) . Moreover, by CLSM, optical sectioning of the Mo-MuSV-infected cells in mitosis confirmed that the asymmetrically positioned spindle pole is associated with the cell membrane (Fig. 3 e-h ). By contrast, control mock-infected cells in metaphase show the expected, centrally positioned mitotic spindle apparatus (Fig. 3 a-d) .
The attachment of the spindle pole to the membrane in Mo-MuSV-infected cells was dramatically revealed by a cell in which both spindle poles are associated with the antipodal cell membranes, resulting in spindle apparatus and chromosomes oriented perpendicular to the longitudinal axis of the cell (Fig.  4 b and d) . For comparison, mock-infected cells with a similar cell shape show the spindle apparatus oriented properly, parallel to the longitudinal axis of the cell during M phase (Fig.  4 a and c) .
DISCUSSION
Polar body formation during meiosis can be considered to be a special form of cytokinesis that requires juxtaposition of the meiotic spindle apparatus to the surface membrane. At least one difference between meiotic and mitotic cytokinesis may be related to differences in the asters during meiosis and mitosis. Compared with astral microtubules that radiate from spindle poles during mitosis, during meiosis the spindle is anastral or the astral microtubules are much smaller. In Saccharomyces cerevisiae, a conditional-lethal mutation in the /3-tubulin gene implicates astral microtubules in the proper positioning and orientation of the spindle. The misorientation of the spindle caused by this mutation results in binucleated mother cells (33) . In oocytes, the absence of astral microtubules is believed to be related to the association of the spindle pole to the membrane (for a review, see ref. 34 ). The diminished astral microtubules, and the membrane-attached spindle poles in somatic cells overexpressing Mos, resemble the attachment of the meiotic spindle apparatus to the cell membrane in maturing oocytes during polar body formation (35) . In somatic cells, we have shown that the astral structures, the position and orientation of the mitotic spindle, and the ability of the cells to undergo cytokinesis are adversely affected by overexpression of Mos. Similarly, diminished asters that resemble meiotic asters also have been observed in cleaving embryos arrested in mitosis by the injection of CSF prepared from metaphasearrested unfertilized eggs (36) . Mos has been shown to be a major component of CSF (8) and MAPK has been implicated in CSF activity (21, 22) .
MAPK also has been implicated in reorganization of meiotic microtubules and is specifically activated throughout oocyte oocytes (19, 20) . Mos has been shown to activate MAPK in oocytes or oocyte extracts (15, 16) , and we have shown that serum-independent constitutive activation of MAPK occurs in Mo-MuSV-induced floating cells and v-mos-transformed cells (13) . It is possible that Mos overexpression in somatic cells either directly or, more likely, by acting through a cascade of kinases, such as maturation-promoting factor and MAPK, may interfere with the normal assembly of mitotic spindle poles and astral microtubules in somatic cells. This interference may prevent the proper positioning and orientation of the mitotic apparatus that is required for cytokinesis (39) , leading to binucleated cells with 4N DNA content. This may provide a mechanism for at least one form of genetic instability that leads to polyploid DNA content. Remarkably, binucleated cells were first observed in vivo by Perk and Moloney (25) in the first histological characterization of Mo-MuSV-induced rhabdomyosarcomas.
Mos is expressed predominantly in maturing oocytes and is required for oocyte maturation. However, the precise function(s) of Mos during oocyte maturation is not fully elucidated. We have proposed that Mos, presumably functioning through MAPK kinase and MAPK, is involved in meiosis-specific microtubule reorganization that leads to the proper formation and positioning of the meiotic spindle apparatus. Our results suggest that inappropriate expression of these meiotic activities in somatic cells interferes with the maintenance of DNA content and add to the in vitro observation that Mos interferes with the ability of PtK1 chromosomes to congress properly (14) . These activities would be expected to account for the genetic instability reported for MuSV-infected cells (40 
